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A novel deflection effect of an intense laser beam with spin angular momentum is revealed theoret-
ically by an analytical modeling using radiation pressure and momentum balance in the relativistic
regime of laser plasma interaction, as a deviation from the law of reflection. The reflected beam
deflects out of the plane of incidence with an experimentally observable deflection angle, when an
intense non-linear polarized laser is obliquely incident and reflected by an overdense plasma target.
This effect originates from the asymmetric radiation pressure caused by spin angular momentum.
A formula is given to predict the deflection angle of a Gaussian-type laser and reveal the relation
between the angle and the parameters of laser and plasma, and is demonstrated by full three-
dimensional particle-in-cell simulations of circularly polarized laser beams with different intensity
and different pulse duration.
The earliest record about reflection of light can be
retrospected in around 200 B.C., when Greek physicist
Archimedes defended his homeland Syracuse, utilizing
the giant mirror to set fire to invader’s ships[1]. Dur-
ing the past two thousands years, humans have been
persisting in pursuing the essential nature of reflection
of light, which is summarized as the principle of inter-
face conditions for electromagnetic fields in the classical
optics[2]. The reflection of light at a plane interface is one
of the most basic optical processes, which is ubiquitous
in general optical system and experimental facilities[3–
7]. The fundamental case, reflection of a plane wave
at a perfectly flat interface between two homogeneous
isotropic media, is characterized by the law of reflection
and Fresnel equations[8]. The law of reflection claims
that the direction of reflected light is in the plane of in-
cidence, and the angle of reflection equals the angle of
incidence. Nevertheless, the situation will becomes com-
plicated when a realistic light beam possesses a finite spa-
tial size and spectrum width, where the law of reflection
is no longer valid. Neglecting shape deformations of the
reflected beam, one can distinguish four basic deviations
from the geometrical-optics picture. These deviations are
usually referred as the spatial and angular Goos–Ha¨nchen
(GH)[9–14] and Imbert–Fedorov (IF)[15–17] shifts follow-
ing commonly recognized terminologies[18].
The spatial GH shifts, originating from the dispersion
of the reflection coefficients, displace the reflected beam
within the plane of incidence[10]. In contrast, the ef-
fect of spatial IF shifts, pertinent to the conservation of
angular momentum (AM) of light beam[19, 20], causes
a displacement perpendicular to the plane of incidence
to the reflected circularly polarized beam, which is also
known as the spin Hall effect[21]. All above basic shifts
can occur in a generic beam reflection and have a conse-
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quent displacement at sub-wavelength scales. Apart from
the spatial shifts, the angular shifts can be understood
as shifts in the linear momentum space. The angular IF
shift shows that the linear momentum of the reflected
beam has a component perpendicular to the plane of in-
cidence implying that the reflected beam deflects out of
the plane of incidence, which is unveiled latterly[22–29].
However, these previous studies mainly focus on the
weak light and the homogeneous isotropic media. In lat-
est research, a new deflection of the reflected intense vor-
tex laser beam similar to the angular IF shift was pro-
posed in Ref[30], but the experimental infeasibility of the
twisted wave front of such an intense short pulses deteri-
orates its significance. With the progress of state-of-the-
art laser technologies, sub Peta-Watt laser facilities with
an intensity of 1020W/cm2 becomes avaliable in practi-
cal experiments. When such an high-intensity pulse fires
on the medium, it will ionize the materials into plasma
within a temporal scale of femtoseconds, where the inter-
action between strong pulses and plasma is completely
different from that of the weak light.
In this Letter, leveraging on theoretical analyses and
fully self-consistent 3D PIC simulations, we present a
novel phenomenon where the law of reflection is bro-
ken up when an intense non-linearly polarized laser is
obliquely incident and reflected by an overdense plasma
foil. This effect, issued from the deformation of the flat
reflecting plane, is intrinsically induced by the antisym-
metric radiation pressure of the circularly polarized laser
pulse. Considering the balance between the radiation
pressure and particles momentum, the dependence of the
deflection angle φ on the laser pulse intensity I0 and tem-
poral duration τ is analytically derived and improved by
the numerical results of 3D simulations.
In order to investigate the radiation pressure exerted
on foil surface by light beam, we turn to the interac-
tion process between intense laser pulses and plasma,
which is characterized by the synergy of Lorentz force
and Maxwell equations. Neglecting the trivial colli-
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2FIG. 1. Schematic diagram of reflection of an intense cir-
cularly polarized laser beam at a plane surface (η = 0) of
an overdense plasma foil. The coordinate frame (x, y, z) is
attached to the incident beam, while the frame (ξ, y, η) is at-
tached to the surface of the plasma foil. The laser beam,
which propagate alone z-axis and focus on the surface, is
obliquely incident at an angle θ and reflected by the plasma
foil. The reflected beam deflects out of the plane of incidence
(y = 0) at a deflection angle φ.
sions in plasma, the dominant force density is written
as f = ∇ · σ − (1/c2)∂S/∂t, where S = (1/µ0)E × B is
the Poynting vector and σ is the Maxwell stress tensor.
The components of σ read σij = ε0
(
EiEj − δijE2/2
)
+
(1/µ0)
(
BiBj − δijB2/2
)
, where ε0 the vacuum permit-
tivity, µ0 the vacuum permeability and δij Kronecker’s
delta. Integrating the force density f over the inter-
acting region, the total Lorentz force is expressed as
F =
∮
a
σ · da − (1/c2)d(∫
V
S · dV )/dt, where a is the
area of boundary surface and V is the closed volume, and
Gauss’s flux theorem is utilized when deriving the first
term in F. In practical interaction, as the laser pulse is
totally reflected by the plasma target, only one side of
foil’s surface is irradiated by the electromagnetic pres-
sure. The fields on other sides of surface and inside the
foil are negligible, i.e., S ≈ 0 and σinside ≈ 0. Con-
sequently, we get the radiation pressure caused by the
electromagnetic field on the foil, P = −d (F · nˆ) /ds =
− (σ · nˆ) · nˆ, where nˆ is the unit normal vector of the
foil surface. In the coordinate frame (x, y, z) of incident
laser beam shown in Fig. 1, nˆ = (sin θi, 0,− cos θi), the
pressure can be written as
Plas = −
(
σxx sin
2 θi + σzz cos
2 θi − σxz sin 2θi
)
. (1)
The concrete form of Plas can be determined if the
Maxwell stress tensor σij of laser beam is explicitly char-
acterized. In the realm of intense laser plasma interac-
tion, a beam with a Gaussian envelop is commonly recog-
nized as the exact form of laser pulse. Under the paraxial
approximation, an eigen solution of the Maxwell equation
in vacuum space prescribes the complex vector potential
as A = A0(w0/w) exp[−(x2 + y2)/w2] exp{i[ωt − kz −
k(x2 +y2)/2R+ψ(z)]} (exxˆ+ eyyˆ), where A0 the ampli-
tude constant, w0 the waist radius, w = w0
√
1 + (z/zR)2
and R(z) = z[1 + (zR/z)
2
]. zR = piw
2
0/λ the Rayleigh
length and λ the laser wavelength. k = ω/c the wave
number, xˆ and yˆ unit vectors and ψ(z) = arctan (z/zR)
the Gouy phase. The equation indicates that the wave
propagates along the z-axis and the beam is focused
at (0, 0, 0). Leveraging on the Lorenz gauge condition,
the electromagnetic fields can be derived from E =
−iω[A+ (c2/ω2)∇∇ ·A] and B = ∇×A. After substi-
tuting the E and B into the formula of σ and assuming
∇∇·A k2A, we obtain the components of the effective
Maxwell stress tensor
〈σxx〉 = −1
4
ε0A
2
0ω
2
0
x2 + y2
z2 + z2R
exp
(
−2x
2 + y2
w20
)
,
〈σzz〉 = −1
4
ε0A
2
0ω
2
0
(
2− x
2 + y2
z2 + z2R
)
exp
(
−2x
2 + y2
w20
)
,
〈σxz〉 = −1
2
ε0A
2
0ω
2
0
zx+ szRy
z2 + z2R
exp
(
−2x
2 + y2
w20
)
.
(2)
Here 〈 〉 denotes the temporal average over one laser pe-
riod and s = 2= (e∗xey) is the beam’s helicity which repre-
sents its intrinsic spin angular momentum pertinent with
the polarization states. s = 0 corresponds to the linear
polarization while s = 1 (−1) corresponds to the right
(left) handed circular polarization. Substituting Eq. (2)
into Eq. (1), we obtain the averaged radiation pressure
of the incident beam
〈Plas〉 = 2I0
c
e−2(x
2+y2)/w20
(
cos2 θi − s λy
piw20
sin 2θi
)
,(3)
where non-grazing incident is assumed and high or-
der terms are neglected. A factor of 2 is multiplied
in Eq.(3) due to the effect of the reflected beam and
I0 = ε0cω
2A20/2 is the peak intensity of the laser beam.
The first term in Eq.(3) exhibits the isotropic properties
which is symmetric along the transverse (y-axis) direc-
tion. However, the second term, induced by spin polar-
ization, is proportional to the coordinate y which defi-
nitely results in an asymmetric distribution of radiation
pressure with respect to the central axis y = 0.
To prove our theoretical analyses, self-consistent three
dimensional particle-in-cell (PIC) simulations are per-
formed via code EPOCH[31]. The simulation region is a
box with size of 50µm×40µm×40µm, which is uniformly
divided into 1000× 800× 800 cells in x× y× z direction.
A circularly polarized (s = 1) Gaussian pulse with a tem-
poral profile of e−(t−t0)
4/τ40 is focused on the surface of
foil, as shown in Fig. 1. The pulse possesses a wave-
length λ = 1.0µm, a waist radius w0 = 5.0µm, duration
τ0 = 20fs and a peak intensity I0 = 4.38 × 1019W/cm2.
The intensity corresponds to a normalized field amplitude
3FIG. 2. (a) The theoretical periodic average pressure differ-
ence between (η, y, 0) and (η,−y, 0). (b) The simulated peri-
odic average pressure difference at t = 100fs when the laser is
half reflected. (c) The electron density in simulation at ξ = 0
and t = 150fs. The black lines are the isodensity lines, while
the white line is the relativistic surface and the red line is its
reflection with respect to y = 0 for easy comparison. (d) The
contour of the relativistic surface in simulation at t = 150fs
when the reflection is finished.
a0 = eA0/mec = 5.66 (for circularly polarized pulse, the
actual amplitude is a0/
√
2 = 4.0 ). For simplicity, the in-
cident angle is set as θi = pi/4 and the pulse propagates
along the z-axis, so that the reflected beam should prop-
agate along the x-axis according to the law of reflection.
The foil is a hydrogen plasma with an electron density of
12nc where nc = ε0meω
2/e2 = 1.1×1021cm−3 is the criti-
cal density[32]. The foil with a size of 42µm×30µm×2µm
is put in ξ × y× η direction (as shown in Fig. 1) and the
particles are represented by 16 macro-particles per cell
for both electron and proton. The center of the irradi-
ated surface is set coincidentally with the origin of the
coordinate frame.
Induced by the antisymmetric radiation pressure with
respect to the incident plane y = 0 (the second term in
Eq. (3)), the symmetry of the reflecting surface is dete-
riorated and the conventional reflecting law is no longer
valid. The periodic averaged radiation pressure difference
exerted on the reflecting surface η = 0, 〈∆P (ξ, y)〉, is
shown in Fig. 2, where the theoretical derived 〈∆Pthe〉 =
−(2I0sλy/piw20c)e−2(ξ
2 cos2 θi+y
2)/w20 sin 2θi is drawn in
(a) while the pressure difference of 3D PIC simulation
〈∆Psim〉 is visualized in (b). The result in Fig. 2(b) cor-
responds temporally averaged value over one laser period
at time t = 100fs, when the half of laser duration finishes
being reflected by the surface.
When the high-intensity pulse irradiates on the plasma
surface, the critical density for laser pulse being able to
propagate through will be extended by the electrons’ ef-
fective Lorentz factor γeff , which is also termed as rel-
ativistic induced transparency[33–36]. The asymmetric
electron density distribution of reflecting surface, caused
by the asymmetric pressure difference, is exhibited in
Fig. 2(c) where the white line denotes the contour of
relativistically correct critical density ne = γeffnc and
γeff =
√
1 + a2 =
√
1 + 16e−2(ξ2 cos2 θi+y2)/w20 . The red
line at y > 0 is the axial symmetric part of white line
at y < 0 with respective to the incident plane y = 0,
which demonstrates a pronounced depth difference in re-
flecting surface. The specific depth η of reflecting surface
ne = γeffnc is plotted in Fig. 2(d), which indicates the
left part is more deep than the right part as a result of
the asymmetric radiation pressure.
To sustain such a reflecting cave, the laser pulse is in-
evitable to convert its energy (or momentum) into the
plasma particles. The linear momentum of the electro-
magnetic field P = ε0
∫
V
(E×B) dV is numerically in-
tegrated over the entire 3D simulation domain and the
result is shown in Fig. 3(a), where Pz represents the mo-
mentum of the incident light while Px implies that of the
reflected beam. Starting from t ' 60fs, Pz quasi linearly
drops down to zero until the t ' 140fs, indicating that
the laser beam is totally reflected by the surface. The dif-
ference between final Px and initial Pz implies that nearly
14% laser momentum is transferred into plasma particles.
In Fig. 3(b), the transverse momentum Py of the circu-
larly polarized beam, exhibits the nonconservative fea-
ture during the reflection, which directly proves the pro-
jection of laser propagating direction is no longer zero in
the transverse direction y-axis. To exclude the influence
of IF effect, which is also able to result in a transverse
deflection in surface reflection, we leverage on the AM
of the electromagnetic wave L = ε0
∫
V
r × (E×B) dV .
The temporal evolution of AM is illustrated in Fig. 3(c).
The AM is transferred to electrons and protons, so that
the AM of electromagnetic field is no longer conserved
which manifests intrinsic difference with respect to IF
effect[28, 37].
Since the deformation of the reflecting surface evolves
when being irradiated by the laser pulse, we can only get
a mean deflection angle from 〈φ〉 = |Py/ |P|| ' |Py/Px|
where P represents the linear momentum of the reflected
beam. The angle can be estimated as 〈φ〉 = 2.46mrad
when the reflection terminates and the momentum of the
entire space represents that of the reflected beam at t =
150fs. The Py of the p-linearly polarized beam with the
same intensity is also shown in Fig. 3(b), and it’s two
orders of magnitude smaller than the circularly polarized
beam. As shown in Fig. 3(c), the normal component
of AM of field is no longer conserved in the condition,
since the particles, triggered by the rotating laser electric
4and magnetic field, continuously absorb energy from the
helical topology of laser electric field in the azimuthal
direction. It implies the broken of rotational symmetry
with respect to the normal direction.
To determine which parameters impact on the devi-
ating angle of the reflected light. The momentum bal-
ance of η-axis in the instantaneous rest frame, written as
〈p〉 = 2nimiv2η, is taken into account, where ni is the ion
density, mi is the ion mass and vη is the velocity of the
plasma surface in the lab frame[38]. When the pulse is
not a grazing incidence (i.e.
∣∣2λsy tan θ/piw20∣∣  1), the
velocity can be written as
vη =
√
I0
nimic
e−(x
2+y2)/w20
(
1− λsy
piw20
tan θ
)
. (4)
We can find that for a non-linearly polarized beam, the
plasma surface has different velocity with respect to the
plane of incidence. The velocity of one side is larger than
the other side, and it causes the surface tilted to one
side. After the laser interaction with a duration τ , there
is a displacement difference ∆η = ∆vητ between surface
points (xs,±ys) where ∆vη is the velocity difference. The
oblique angle of the plasma surface can therefore be ex-
pressed as α = |∆η/2ys|. Using Eq. (4), we can obtain
the oblique angle as
α =
λτs tan θ
piw20
√
I0
nimic
e−(x
2
s+y
2
s)/w
2
0 . (5)
Via estimating the spatial averaged effect, the mean de-
flection angle of the reflected beam can be derived as
〈φ〉 ' α ∼ λτs tan θ
piw20
√
I0
nimic
. (6)
Based on the relation Eq. (6), the oblique angle of the
reflective surface can be estimated as α ' 2.1mrad, which
corresponds well with the simulation result in Fig.2.
To further testify Eq. (6), a series of 3D PIC simu-
lations with different laser intensity and pulse duration
are performed. The numerical deflection angles in each
simulations, calculated via 〈φ〉 = |Py/Px|, are shown in
Fig. 3(d) as solid dots. The theoretical lines are obtained
from Eq. (6) by replacing pulse duration τ with the full
width half maximum duration τF = 2
4
√
ln 2τ0 in simu-
lation. As shown in Fig. 3(d), all lines are close to the
simulation data points after multiplied by a same scale
coefficient 0.62. It demonstrates the relation 〈φ〉 ∝ √I0
and 〈φ〉 ∝ τ , which indicates that the effect is only pro-
nounced for an intense laser and the deflection angle is
increased with the raise of laser pulse duration.
In conclusion, a novel deflection effect of an intense
laser with spin angular momentum is revealed by the-
oretical model and simulation, as a deviation from the
law of reflection. The reflected beam deflects out of the
plane of incidence with an experimentally observable de-
flection angle, when an intense non-linear polarized laser
FIG. 3. (a)-(c) The temporal evolution of linear momentum P
and angular momentum L for the entire space in simulation.
(a) Px (red squared line), Pz (blue circular line) of the field for
the circular polarization. (b) Py of the field for p-linear po-
larization (blue triangular line) and right circular polarization
(red circular line). (c) Lη (the normal component of AM) of
the field, particles and the total for the circular polarization.
(d) Comparison of the deflection angles of the simulation re-
sults (the points) and the theoretical model (the lines) with
different laser intensity and pulse duration.
is obliquely incident and reflected by an overdense plasma
target. The analytical modeling is set up in the relativis-
tic regime of laser plasma interaction, shows the asym-
metric radiation pressure of a laser beam containing spin
AM, and indicates the rotational symmetry breaking of
the foil and the deflection of the reflected laser beam by
momentum balance. A formula is given to predict the de-
flection angle of a Gaussian-type laser and reveal the re-
lation between the angle and the parameters of laser and
plasma. Finally, a succession of full three-dimensional
PIC simulations of circularly polarized laser beams with
different laser intensity and pulse duration demonstrate
the relation between the angle and the laser intensity as
well as the pulse duration.
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